Larval house flies, Musca domestica (L.), nutritionally require live bacteria; therefore, all stadia are associated with microbe-rich environments. Larvae live among and ingest bacteria, which are digested via the combined activity of digestive enzymes, lysozyme, and antimicrobial effectors. Some bacteria resist digestion and subsequent proteolytic processes that occur during metamorphosis, and are carried trans-stadially. Adult house flies ingest bacteria directly from septic substrates or indirectly via self-grooming. Ingested bacteria also face digestion in adults; nonetheless, some microbes not only survive, but proliferate and exchange genetic material. The interaction between adult flies and bacteria is critical in determining vector potential. If the fly is ineffective at eliminating ingested microbes, they can be disseminated in excreta. Unlike larvae, adult house flies are highly mobile, synanthropic, and gregarious, moving indiscriminately between septic environments and domestic locations. Flies can travel miles between sites, dispersing pathogens and their antibiotic-resistance and virulence genes. Considered together, these aspects of adult fly biology underlie their role in the epidemiology and ecology of infectious diseases. Studies of house fly biology have fortuitously revealed interesting adaptations to their septic lifestyle that can be exploited in future approaches to fly control and human health. Larval dependence on microbes can be integrated in novel control strategies, which alter habitat microflora. In contrast, larvae can be utilized beneficially to clear manure of pathogens before being used as fertilizer. In addition, house fly defense effectors such as antimicrobial peptides serve as an untapped resource with the potential to generate novel classes of microbicidal therapeutics.
obtained from the substrate material itself, but from microbes within the substrate and their metabolic products (Schmidtmann and Martin 1992) . In some studies, agar-based systems with known microbial organisms have been used to rear house fly larvae successfully Martin 1992, Watson et al. 1993) .
Within decomposing organic materials, bacterial communities change rapidly due to both biotic and abiotic factors (Archer and Young 1988, Jiang et al. 2002) , which in turn impacts the decomposition rate of the substrate as well as the water content, availability of oxygen, and pH. Likewise, the metabolic activities of microorganisms competing for resources impact the microorganism community abundance and composition. All of these factors result in microbial communities that differ vastly across fly larval habitats, underscoring the effective strategy of house fly larvae to successfully develop in a wide variety of substrates. While house flies associate with a diverse microbiota (Greenberg 1973) , a subset containing the same bacterial species may be consistently found in a variety of house fly larval substrates. For example, Greenberg (1959b) isolated Proteus vulgaris, Proteus mirabilis, Enterobacter ("Aerobacter") aerogenes, and Citrobacter ("Escherichia") freundii from both laboratory flies reared on a grain-based diet and from flies collected from horse manure. However, house flies do not appear to be dependent upon consumption of any particular microbial species and they apparently are not colonized by permanent gut symbionts.
Larval Ingestion and Digestion of Bacteria
Larval house flies have adapted to utilize a saprophagous diet of decomposing and microbe-rich organic matter. The structural and biochemical activities in the house fly digestive system facilitate destruction and digestion of bacteria as the main food source Terra 1991a, Terra and . Larvae filter bacteria and other microbes from liquid substrates through a ventral sieve in their cephalopharyngeal skeleton (Dowding 1967) . These materials pass via the esophagus to the proventriculus, and then enter the midgut (West 1951) . Within the midgut, bacteria are sequestered within the peritrophic matrix (also, peritrophic envelope or peritrophic membrane; PM), which is a noncellular structure that lines the midgut, physically separating ingested food from the epithelium. The PM occurs in most insects and can vary both in composition and number of concentric layers. The "matrix" of the PM is composed of proteins, glycoproteins, and proteoglycans with embedded fibrils of chitin (poly-b-(1,4)-acetyl-D-glucosamine; Richards and Richards 1977 , Peters 1992 , Tellam 1996 . Both house fly larvae and adults have a double-layered type-II PM that is produced continuously as a long, open-ended tube-within-a-tube extending from its origin near the proventriculus throughout the entire length of the midgut and terminating at the midgut-hindgut junction. The gap size of the PM varies across insect species, ranging from 2 to 10 nm (Lehane 1997) , and therefore physically excludes even the smallest bacteria ($0.15-0.3 mm) from penetrating into the ectoperitrophic space. The PM is semipermeable, permitting diffusion of digestive enzymes into the endoperitrophic lumen and the passage of the end products of digestion such as amino acids and sugars across into the ectoperitrophic space for absorption by the epithelium. Because the midgut lumen is compartmentalized into endo-and ecto-peritrophic spaces, movement of fluid between these spaces creates a flux that circulates digestive enzymes along the length of the gut (Espinoza-Fuentes and Terra 1987 , Terra et al. 1988a . Bacteria have the potential to "escape" the open end of the PM at the hindgut, but still do not have access to the gut epithelium, as both the foregut and hindgut are of ectodermal origin and therefore are lined with cuticle in both larval and adult house flies (Cantwell et al. 1976) .
The PM plays a major role in the sequential degradation of ingested materials within the insect gut (Terra et al. 1988a, b; Ferreira et al. 1994) . Ingested bacteria within the lumen of the inner PM are subjected to successive bacteriolytic processes as they move caudally via peristalsis. Digestion occurs primarily in the midgut of larvae (Lemos and Terra 1992) . The midgut is divided into three regions based on pH: fore-midgut (pH 6.1), mid-midgut (pH 3.1), and hindmidgut (pH 6.8; Terra et al. 1988a ). The high acidity of the midmidgut is unique among invertebrates to the cyclorrhaphous Diptera Terra 1987, Terra and , and is a key adaptation to the house fly's ability to kill and digest bacteria. Initially, amylase is secreted by the salivary glands and midgut caeca onto larval food substrates to liquify food for consumption, including predigestion of starch that bacteria also need to utilize as a food source. Thus, bacteria lack resources for repair and growth, making them even more vulnerable to destruction in the gut (EspinozaFuentes and Terra 1987) . Within the gut, enzymes including alphaamylase, lysozyme, maltase, trypsin (Espinoza-Fuentes and Terra 1987) , and cathepsin D-like proteinase (Lemos and Terra 1991a) are secreted into the ectoperitrophic space, and then translocated to the midgut region(s) where they will be active in digestion. Specialized cells in the mid-midgut lumen absorb water and buffer the luminal contents inside the acidic mid-midgut. Within the hindmidgut, which is functionally equivalent to the entire gut of other insects , trypsin digests proteins; the resulting oligopeptides and trypsin pass into the ectoperitrophic space where oligopeptides are further broken down by membrane-bound amino-peptidases into amino acids which are then absorbed, while trypsin is recycled for use by the endo-ectoperitrophic fluid flux cycle (Lemos and Terra 1992) . Simultaneously, amylase again is secreted into the hind-midgut from the endo-ectoperitrophic membrane, as the fore-midgut amylase is destroyed in the acidic mid-midgut. Amylase activities produce oligosaccharides, which are hydrolyzed first by soluble maltase and then by membrane-bound maltase. Like trypsin, soluble maltase is recycled via the fluid flux cycle (Espinoza-Fuentes and Terra 1987) , making the digestive cycle ready for the next bacterial food bolus.
Lysozymes Are Key Players in Bacterial Digestion
Lysozymes, unusual in insect guts, are secreted by fore-midgut cells into the midgut for use within the mid-midgut, where the acid-stable lysozymes Terra 1991b, Lemos et al. 1993 ) act synergistically with a cathepsin D-like protease (Lemos and Terra 1991a) to kill bacteria Terra 1987, Lemos et al. 1993) . House fly lysozymes display both glycosidase (i.e., digesting bacterial peptidoglycan) and chitinase (i.e., digesting fungal cell walls) activity Terra 1987, Lemos et al. 1993) . Some lysozymes have an optimal activity at pH 3.5-5 (Terra et al. 1988a , Ito et al. 1995 for digesting bacteria in the midgut, while others are active at pH 6.0, such as the salivary gland lysozyme (Lemos and Terra 1991b) , which is used to predigest materials in the substrate. At least one digestive lysozyme gene is expressed constitutively throughout the entire house fly life history (egg to adult) yet is translated to protein only in life stages that ingest bacteria (larvae, adults), indicating posttranscriptional control . While constitutive expression of lysozyme is costly to house flies from a cellular energetics perspective, the trade-offs are lysozyme's dual digestive and defensive role along with broad-spectrum activity which collectively allow house flies to thrive and exploit their microbe-rich niche. Interestingly, the house fly genome (Scott et al. 2014) has revealed a remarkable expansion of the lysozyme gene family in house flies, with as many as 38 paralogs being predicted. Determining the activity spectrum and expression profiles of all these newly revealed house fly lysozyme genes may help elucidate their role in the successful utilization of bacteria as a food source by larvae.
Fate of Bacteria as Larvae Metamorphose Into Adults
Muscid larvae digest bacteria via the processes described above in order to utilize them as a food source. However, bacterial species are utilized more effectively by some flies than others. For example, Rochon et al. (2004) found a difference in the survival of house fly and stable fly (Stomoxys calcitrans L.) larvae reared on cultures of E. coli (mean survival, 62 and 25%, respectively). These differences can be attributed to both the ability of the flies to lyse and utilize the bacteria as well as their species-specific nutritional requirements. Perotti et al. (2001) determined that horn fly larvae survived best on bacterial strains that were in high abundance in the larval environment, but saw an inverse relationship between a bacterial strain's abundance in the larval gut and larval survival. This indicates that when larvae ingest the substrate (in that case, cattle manure), the digestible microbes are used as food, while the indigestible will accumulate in the gut. A similar situation was inferred in house flies, where some bacterial species were apparently resistant to digestion and accumulated in the larval gut (Zurek and Nayduch 2016) . Indigestible bacteria present in the third-instar larvae have the potential to persist through the ensuing fly stadia (pupae, adults) but must also survive several purging processes outlined below (Fig. 1) .
Third-instar larvae typically harbor 10 5 -10 7 colony-forming units (CFU) of bacteria (Greenberg 1959b , Radvan 1960 , Rochon et al. 2004 , Zurek and Nayduch 2016 . As larvae progress through development bacterial abundance decreases, in some instances by several logs. Greenberg (1959b) reported recoverable bacteria decreased from 10 7 CFU in the third instar to 10 5 -10 6 CFU in the prepupa, 10 4 -10 5 CFU in the pupa (undergoing metamorphosis), and 0-10 6 CFU in the newly emerged adult. Radvan (1960) reared flies from eggs to pupae on pure cultures of E. coli, and reported changes in abundance of bacteria on a more detailed scale, including early, middle and late pupae, and emerged adults (notably not surface sanitized, so this included both surface and gut microbes). Abundance of Escherichia coli, given in mean CFU and range, recovered from fly stages were as follows: prepupae, 1.2 Â 10 7 (0-5.6 Â 10 7 ); early pupae, 9.5 Â 10 4 (0-7.4 Â 10 5 ), mid-development pupae, 3.6 Â 10 5 (30-2.7 Â 10 6 ), late pupae, 4.1 Â 10 6 (9 Â 10 3 -1.3 Â 10 7 ); new adults, 1.8 Â 10 5 (0-1.7 Â 10 6 ). Zurek and Nayduch (2016) tracked bacterial abundance across development of flies in situ, where wild house flies were taken to the laboratory and allowed to complete development in their natural substrate (cattle manure). Similar abundances of bacteria were recovered from 100% of third-instar larvae (2.43 Â 10 4 -2.25 Â 10 6 CFU) and 100% of pupae (4.58 Â 10 3 -2.78 Â 10 6 CFU), but only 60.0% of adults had recoverable amounts of bacteria ranging from 5 CFU to 1.03 Â 10 3 CFU per fly.
Three processes contribute to the loss of bacteria during the later stages of house fly development (Fig. 1) . First, third-instar larvae stop eating and frequently expel gut contents as they migrate out of the substrate to a cool and dry place to prepare for pupariation. As metamorphosis (i.e. pupation) progresses within the puparium, a second round of bacteria destruction occurs (Greenberg 1959c ). Histolysis of the larval gut and its contents produce the "meconium" which contains waste products of digestion and residual bacteria, and occurs along with histogenesis of the new adult gut during pupation. The meconium can be expelled into the puparium before imago emergence or during the first defecation (Carpenter 1913 , Hewitt 1914 , Greenberg 1959c . Third, the cuticular lining of the larval foregut and hindgut, which may be temporarily colonized with bacteria, are sloughed as exuviae within the puparium (Greenberg 1959c ).
Trans-stadial Carriage of Bacteria
Trans-stadial carriage requires bacteria to survive these histolytic, proteolytic, and expulsive processes that occur during house fly metamorphosis. In addition, trans-stadial carriage of bacteria is also influenced by microbial factors, such as species composition and abundance, as illustrated in some of the studies that follow. Greenberg (1959a, b) examined persistence of pathogens and nonpathogens across house fly life history. For pathogens, this carriage was species specific for Salmonella spp., where Salmonella Paratyphi survived through pupation and was cultured from newly emerged adults but S. Typhi was not. Interestingly, S. Paratyphi was isolated from 71% of these newly emerged flies, even though larvae had been reared in the presence of both the pathogens and "normal Third-instar larvae purge gut contents before commencing pupariation and pupation therein. (C) Bacteria not destroyed by the above processes face histolytic and proteolytic events during destruction of the larval gut and histogenesis of the new adult gut during metamorphosis. (D) Before eclosion, the "meconium" (remnants of the larval gut and its contents) is expelled into the puparium. Also, exuviae (the fore-and hindgut cuticle of the larva) and any colonizing bacteria are shed. (E) Bacteria that survive all of these events and are present in the gut of the newly emerged adult have been carried trans-stadially. Image credit: D. Nayduch.
flora" competitors in the artificial medium. These newly emerged flies were not surface sanitized, so discrimination between surface and internal bacteria could not be determined. Radvan (1960) investigated the differential survival of four bacterial species, by rearing larvae on monocultures of each species listed below and determining CFU abundance of newly emerged adults (n ¼ 20/experiment; not surface sanitized). A species-specific effect on survival through metamorphosis was shown for Bacillus anthracis, Salmonella Schottmulleri, Shigella sonnei, and E. coli, both in the percentage of positive adult flies (20, 100, 60, and 95%, respectively) , respectively). Both surface and internal carriage of bacteria was investigated by Rochon et al. (2005) who saw carryover of bacteria to adults who developed from larvae that had been reared on monocultures of E. coli. While 100% of puparia and 78% of emerging adults were culture-positive for E. coli, this percentage decreased to 66% when adult flies were rinsed before being cultured. This indicates that a subset of emerged adults was harboring bacteria only on the surface, probably acquiring microbes from the inner surface of the puparium (Greenberg and Klowden 1972) .
Molecular methods were used to determine carryover of several bacterial taxa from artificial rearing media to larval and adult house flies (Su et al. 2010) . While Morganella spp., Providencia spp., and Ignatzschineria spp. were predominant in libraries of bacteria isolated from larval guts, Morganella spp., Providencia spp., and Proteus spp. were identified in the gut of newly emerged adults. These findings suggest that all three species were able to survive metamorphosis: two species were found in high abundance in larvae, along with Proteus, which was undetectable in larvae but had been detected in the larval rearing medium. Further, although Ignatzschineria spp. was one of the predominant genera identified in larvae, this taxon did not survive through to adults, suggesting that potential for trans-stadial carriage is dependent on bacterial species, not solely on abundance. Similarly, Zurek and Nayduch (2016) , using a culture-based approach, found that species that were abundant in cattle manure or larvae did not necessarily carry over into adults. Rather, bacteria that were harbored in the gut of newly emerged adults included taxa that were predominant in larvae and pupae (e.g., Alcaligenes faecalis) and those that were in low abundance (e.g., Pseudochrobactrum spp.) or undetectable (e.g., Bacillus sonorensis) in other stadia. These studies imply that bacterial abundance in the larval substrate is not the sole determinant of trans-stadial carryover by house flies, but that other factors such as a bacterial species' ability to resist fly defenses and out-compete other microbes, also play important roles. Indeed, microbe-microbe competition plays a role in both larval acquisition from the substrate and fate of microbes in the gut, which in turn impact trans-stadial carriage. Greenberg (1959b) found that pathogen propagation was limited under conditions where microbes had to compete with saprophytic bacteria in the larval medium, which subsequently limited their accumulation and retention across stadia. In the absence of competing bacteria, however, dose-dependent effects on trans-stadial carriage of E. coli have been demonstrated. Schuster et al. (2013) reared flies on sterilized manure inoculated with various concentrations of a traceable bioluminescent strain of E. coli (0, 3, 5, and 8 log10 CFU/ ml), and adults reared from these larvae proportionally harbored a mean 0.0, 1.3, 2.2, and 1.7 log10 CFU/ml, respectively. Taken together, these studies show that bacterial species which can outcompete others cohabitating within the developmental substrate (and subsequently the larval gut) while also resisting digestion (which may be bolstered by high abundance), have the greatest chance of trans-stadial carriage.
Microbe Acquisition by Adult House Flies
Although microbes are not a nutritional requirement for adult flies, all stages of the house fly associate with septic environments such as those contaminated with animal manure, dung, and refuse. Being polyphagous, house flies will opportunistically ingest manure (facultative coprophagy) and other microbe-rich substrates both by direct feeding, and incidentally by self-grooming (Fig. 2) . Animal manure is a waste product of the host species, yet it still contains undigested macro-and micronutrients that can be utilized by coprophilous insects such as house flies (Hanski 1987) , serving as a potential protein source that would allow anautogenous female flies to commence egg production. This nutritional need, along with females' interest in manure as potential oviposition sites, may underlie apparent sexspecific differences in house fly acquisition of bacteria from manure (Thomson et al. 2017 ) Greenberg (1971 Greenberg ( , 1973 reported that a single house fly could harbor as many as 100 pathogenic species of microorganisms and countless numbers of nonpathogenic species. In this review, we provide an updated list of >200 pathogens that have been isolated from adult house flies in surveys from agricultural and human habitats, including bacteria (those that are antibiotic resistant are emphasized separately), viruses, helminths, protozoa, fungi, and an arthropod (Supp. . Activities which result in house flies ingesting bacteria. Adult house flies ingest microbes incidentally, by grooming contaminated appendages (top left), or intentionally, by directly feeding on substrates (top right). The experimental demonstration of this process is facilitated by using GFP-expressing bacteria, which can be visualized on the tarsi of flies (arrows) dipped in cultures and placed on a uv light box (top left) and later in the gut of flies that have ingested bacteria by either mechanism by using an epiflourescent microscope to observe dissected guts (bottom images of crop, midgut, and hindgut of flies that ingested GFP-E. coli). Image credit: D. Nayduch.
Fate of Bacteria Ingested by Flies
Because flies regularly alight on contaminated substrates, they have been implicated as "transport hosts" or "mechanical vectors" of bacteria, where microbes harbored on legs, tarsi, mouthparts etc. may be dislodged after transport, resulting in dissemination. The details of this mode of transmission have been described elsewhere (e.g., Foil and Gorham 2000 , Graczyk et al. 2001 , Graczyk et al. 2005 , Sukontason et al. 2006 , Fö rster et al. 2007 ), and are not part of this review, which instead focuses mainly on the interactions of ingested bacteria with the house fly and the implications for transmission.
Microorganisms ingested and harbored within house flies usually are initially apportioned to the crop (Fig. 3) , where they are predigested with salivary enzymes. Liquids in the crop may be "bubbled" and/or regurgitated as vomit specks (Stoffolano and Haselton 2013) . Bubbling involves expulsion of liquid from the crop to form a droplet on the mouthparts, and is believed to assist with evaporation and concentration of food. Regurgitation involves transfer of this droplet onto a substrate in order to liquify another meal and facilitate ingestion. In the latter, any bacteria present in the crop liquids are incidentally transmitted and dispersed during this process. Ingested materials are eventually shuttled to the proventriculus, which serves as the gateway to the alimentary canal, including the midgut, hindgut, and rectum (Fig. 3) . As in larvae, the entire length of the adult midgut is lined with a double-layered type II PM, which is synthesized continuously from specialized cardia cells near the proventriculus (Richards and Richards 1977, Lehane 1997) . Microbes contained therein are physically restricted from crossing into the ectoperitrophic space (Lehane 1997) . Although the PM is not present in the foregut (esophagus, proventriculus, crop) or hindgut and rectum, epithelial cells of those regions are covered with cuticle, thereby preventing bacterial access (Hewitt 1914 , West 1951 . Also as in larvae, bacteria trapped in the PM lumen are subject to an onslaught of digestive enzymes, pH changes, osmotic stress, and antimicrobial effectors like lysozyme and others described below (Terra et al. 1988a , Jordao and Terra 1991 , Canc¸ado et al. 2008 .
Interactions Between Bacteria and the House Fly Gut
Although bacteria do not directly contact the gut epithelium, flies, such as Drosophila melanogaster, indirectly sense gut microbes via diffusion of microbe-associated molecular patterns (MAMPs), such as bacterial peptidoglycan (PGN), across the PM (Buchon et al. 2013) . MAMPs bind pattern-recognition receptors (PRRs) on gut epithelial cells and elicit innate immune signaling cascades (Stenbak et al. 2004 , Lemaitre and Hoffmann 2007 , Buchon et al. 2013 ). Stimulated cells synthesize and secrete effector molecules such as antimicrobial peptides (AMPs) that diffuse across the PM and directly bind, lyse and/or kill microbes in the lumen (Bulet et al. 1999 , Imler and Bulet 2005 , Lemaitre and Hoffmann 2007 . The structure of PGN in bacterial cell walls can vary, particularly in the tetrapeptide side-chain, which can vary in amino acid composition and length. For example, some species of bacteria contain lysine (LYS) in their tetrapeptide chain while others contain meso-diaminopimelic acid (DAP). This difference is detected by PRRs on cells. For example, in Drosophila, these different PGN "types" induce distinct signal transduction pathways, which eventually results in the production of appropriate effector molecules (Lemaitre et al. 1997, Lemaitre and Hoffmann 2007) . The immunostimulatory ability of other bacterial MAMPs associated with cell envelopes, such as lipopolysaccharides, teichoic and lipoteichoic acids, or flagellar antigens, remains to be determined. The spatial distribution of certain PRRs and their respective pathways and effectors varies within and across insect species, resulting in tissue-specific patterns of AMP expression both across organs (e.g., gut, fat body, mouthparts; Tzou et al. 2000) as well as across regions within these organs (e.g., foregut, midgut, hindgut; Buchon et al. 2009 ). In house flies, AMPs likely act synergistically with each other and other factors (pH, digestive enzymes, lysozyme, etc.) to destroy bacteria in the adult house fly gut.
The primary objective of the studies whose results are summarized in Table 1 has been to describe the interaction between ingested bacteria and adult house flies by investigating the temporospatial fate of different species of bacteria in the gut and concurrently examining the expression of AMPs and other effectors. The approaches consisted of feeding pathogens to flies and to: 1) examine the fate of bacteria including persistence, location in the gut, abundance, and excretion potential and 2) concurrently measure the temporospatial expression of antimicrobial effectors such as AMPs and lysozyme on the mRNA and protein levels. In order to facilitate viewing bacteria in the gut, GFP-expressing strains of six human pathogens were used.
In each study, all species of bacteria were consistently harbored within the PM and therefore were only ephemerally present in the house fly gut. However, there were species-specific differences in persistence, enumeration, and excretion. For example, some species such as Pseudomonas aeruginosa and Salmonella typhimurium (Chifanzwa 2011) were highly motile, proliferated in house flies, and were shed in high numbers, despite being trapped in the PM and exposed to the onslaught of defenses (e.g. AMP expression) and digestive processes. Other species such as Staphylococcus aureus neither proliferated nor persisted for long periods yet still were shed in high enough abundance within the first few hours postingestion to pose a risk to humans and other animals . In contrast, Streptococcus pyogenes (which, like S. aureus, has LYS-type PGN and is a nonmotile organism) only persisted in recoverable amounts for a short period of time and were not excreted in high numbers (Chifanzwa 2011) . Escherichia coli O157:H7 and Bacillus cereus were immobilized in the PM, had low survivability, and many cells were lysed in the midgut of house flies (Fleming 2012 , Fleming et al. 2014 . While the potential for house flies to excrete these two pathogens was not determined, flies likely were not important long-term environmental reservoirs due to the short survival time in the alimentary canal and substantial bacterial lysis.
House Flies Express AMPs in Response to Ingested Bacteria
House flies that ingested large doses of bacteria (e.g., >10
4 CFU) mounted local and sometimes systemic innate responses in the form of AMP and lysozyme expression. Flies apparently detected bacteria in the gut, which induced both local (gut epithelium) and systemic (e.g., fat body) expression of effectors on the mRNA and peptide levels. Local expression usually was proximal to the presence of bacteria, as determined by temporospatial expression analysis along the length of the gut (proventriculus, midgut, hindgut) and concurrent visualization of bacteria in subsets of flies collected at those same time points (Table 1) . Interestingly, although the expression pattern of effectors seemed to occur in response to bacteria species presence and location, these patterns were not consistently associated with PGN type (e.g., DAP or LYS). Systemic responses in carcass (absent of gut) and fat body were not always correlated with bacteria presence or abundance in the gut, and the method of communication between the house fly gut and the systemic response has not been determined. However, systemic responses to local detection of bacteria is a phenomenon previously observed in other flies. In tsetse, the communication between the gut epithelium and fat body may be mediated by nitric oxide released into the hemolymph (Hao et al. 2003) . In addition, muropeptide dimers of PGN can diffuse into the hemocoel, as has been suggested in fruit flies (Stenbak et al. 2004 , Zaidman-Rémy et al. 2006 , Gendrin et al. 2009 ). The AMP defensin was the most predominantly upregulated effector in house flies that ingested all bacteria species listed in Table 1 . Expression of this AMP was induced in flies fed five of the six species examined, irrespective of PGN type. Defensin could provide an effective first line of defense against bacterial overgrowth in the gut of house flies due to its observed broad-spectrum activity, which has been reported for higher Diptera including house flies (Dang et al. 2010 , Cerovsky et al. 2011 , Nygaard et al. 2012 . Joyner et al. (2013) determined that the pattern of expression of effector molecules differed on the mRNA and protein level, which may imply posttranscriptional control of the innate epithelial immune response, similar to lysozyme (discussed above; Nayduch and Joyner 2013). Interestingly, defensin mRNA and protein expression were upregulated in the gut after ingestion of bacteria with LYS-type PGN (e.g., S. aureus; Nayduch et al. 2013), which has not been reported in other higher Diptera to our knowledge. The innate immune pathway leading to this upregulation remains to be determined, including the PRR in the gut that may bind LYS-PGN to induce the signaling cascade.
The house fly genome has revealed that there is a massive paralogous expansion in genes for both PRRs (e.g., peptidoglycan recognition proteins) and effectors (e.g., AMPs, lysozymes; Scott et al. 2014) . Recent transcriptome data show that most if not all paralogs within these AMP gene families (e.g., defensins, cecropins, attacins) are expressed at some point in the house fly life history (Nayduch, unpublished data) . This is not surprising considering the house fly's septic lifestyle: if AMPs and other antimicrobial effectors like lysozyme are expressed in the alimentary canal, they inherently serve a dual role in house flies, concurrently acting in both digestion and defense.
Bacterial Resistance to Fly Defenses
Interestingly, although P. aeruginosa, S. typhimurium, E. coli O157:H7, and B. cereus all have DAP-type PGN and were motile in culture, they did not display the same fate in the house fly gut ( Table 1 ), indicating that bacterial fate in the fly depends on the interplay between the house fly response (e.g. immune effectors) and the susceptibility of the microbes to that response. Since bacterial survival directly influences vector potential, determining the underlying ability of these species to navigate, circumvent, or even disrupt the physical and chemical challenges in the gut are important topics of study. This includes the role of chemical, behavioral, and structural counterdefenses employed by bacteria such as P. aeruginosa and S. typhimurium that may contribute to their apparent persistence in house flies. Future studies should be aimed at uncovering defensive strategies that protect these species from destruction in the house fly gut. For P. aeruginosa, an Liquified food, often premixed with saliva, is taken up by the pharynx and passes via the esophagus either to the crop, which is part of the foregut, or through the proventriculus to the midgut. The crop can contract to expel liquids in vomitus; however, food items that pass through the proventriculus are enclosed in the peritrophic matrix (PM) and cannot be regurgitated. The PM is constitutively synthesized by the cardia, a region of specialized cells that abut the proventriculus. The PM extends throughout the midgut after which it is mechanically degraded by teeth-like projections on the hindgut luminal cuticle (not shown). Large food particles and bacteria are restricted within the PM by size exclusion. Digestion takes place in the lumen and small molecules pass across the PM to be absorbed by the midgut epithelium. Ingested items and waste move posteriorly through the midgut by peristalsis and join metabolic waste delivered by the Malpighian tubules. Water reabsorption occurs in the hindgut and rectum. Control of feces entry into the rectum is achieved by the rectal valve (not shown), and rectal pads likely assist in eliminating waste from the rectum as well as water absorption. In the foregut and hindgut, epithelial cells of the fly alimentary canal are protected from ingested bacteria by a cuticular lining. Thus, throughout the alimentary canal, bacteria ingested by adult house flies are never in direct contact with the epithelium. Image credit: G. Attardo, D. Nayduch.
intriguing possibility is the presence of defense molecules similar to what has been previously shown in the Pseudomonas entomophilaDrosophila model. Strains of P. entomophila that contain the aprA gene which codes for a metalloprotease, are highly virulent to fruit flies because this enzyme protects the bacteria by deactivating AMPs produced by the fly gut (Liehl et al., 2006) . The ability to evade the fly's immune response also may be a factor contributing to differential survival of bacteria in the gut. Because both P. aeruginosa and S. typhimurium remained motile in the house fly gut (Chifanzwa 2011 , while E. coli O157:H7 and B. cereus did not (Fleming 2012; Fleming et al. 2014) , they could potentially evade AMPs, lysozyme, and other secreted responses via negative chemotaxis.
Dose-Dependent Effects on Bacterial Fate in Adult House Flies
Bacterial abundance has the potential to vary tremendously across substrates that adult flies encounter and ingest. To prevent unnecessary and persistent immune activation, an immunological "tolerance" for low amounts of bacteria in the gut exists via homeostatic mechanisms involving both positive and negative regulators of the epithelial immune response, which has been described extensively in fruit flies (Zaidman-Rémy et al. 2006 , Lee and Ferrandon 2011 , Paredes et al. 2011 , Buchon et al. 2013 , Kleino and Silverman 2014 . Some of the regulators are upregulated by activation of the Imd pathway (which also is responsible for inducing antibacterial effectors like AMPs), establishing a negative feedback loop that adjusts the magnitude of AMP production in the gut. While the components of Imd and other dipteran innate immune pathways, including positive and negative regulators, have been identified in the house fly genome (Scott et al. 2014) , their utilization by the house fly in gut microbe homeostasis only can be inferred from studies of the differential fate of various "doses" of bacteria in the gut, which would presumably be impacted by this underlying feedback mechanism. Abbreviations: PGN, peptidoglycan specifically lysine-type (LYS) and diaminopimelic acid-type (DAP); anatomical regions included crop (CR), proventriculus (PV), midgut (MG), hindgut (HG), rectum (RM), and peritrophic matrix (PM); effectors were cecropin (cec), defensin (def), diptericin (dpt), and lysozyme (lys); n.d., not determined. References for each study are in the text. Effector induction relative to either teneral or broth-fed flies; italicized effector name is mRNA induction examined by qRTPCR, nonitalicized and capitalized name is protein-level induction determined by immunostaining. e Gut included entire alimentary canal from PV to HG; if separate organs were examined, abbreviations are given; systemic region (SYS) comprised the carcass after the gut was removed.
f For S. aureus, only def expression levels were examined, so data on other effectors (mRNA or protein)
is not yet known.
g mRNA expression of effectors in B. cereus-fed flies has not yet been determined. Kumar and Nayduch (2016) investigated the dose-dependent survival of GFP-expressing E. coli in house flies. Flies were fed four different "doses" of bacteria (very low, low, medium, high), each differing by approximately an order of magnitude, and survival in the house fly gut was determined at 1, 4, 10, and 22 h postingestion. All but the very low dose (%1 Â 10 3 CFU) of GFP E. coli significantly decreased in flies over 22 h, indicating that this amount of bacteria may have been beneath the tolerable threshold for the house fly immune response. In comparing the four doses of bacteria, the change in survival (defined as the difference between the amount fed and the amount recovered) did not differ between flies fed low (%7 Â 10 3 CFU) and very low (%1 Â 10 3 CFU) doses of bacteria across any of the time points; however, survival of bacteria in both of these treatment groups differed from the bacteria recovered from flies fed either the high (%7 Â 10 5 CFU) and medium (%7 Â 10 4 CFU) doses of bacteria at several time points. This again indicates delineation across a "threshold" amount of bacteria, below which the immune response may not be activated and bacteria survive or even replicate, but above which activation and bacteria destruction occurs. Additional differences were seen when comparing bacteria change in survival between the medium and high dose-fed flies. At 4, 10, and 22 h, change in survival of GFP E. coli significantly differed between these two groups. It was concluded that while flies probably recognized and destroyed both the medium and high doses of GFP E. coli, the sheer abundance of the high dose exceeded the capacity of the immune response to eliminate bacteria to the extent that the medium dose could be eliminated, resulting in the differences in CFU recovered from flies in these two treatments. Microscopy of GFP E. coli in situ within the dissected alimentary canals of these treatment groups supported the enumeration results, where the most bacterial lysis was observed in flies fed the medium and high doses of bacteria.
Competing Microbes Impact Pathogen Fate in the Gut Greenberg et al. (1970) and Greenberg & Klowden (1972) demonstrated that both the initial ingested amount of bacteria and the presence or absence of competing microflora impacted the persistence and multiplication of pathogens within the adult house fly gut. Gnotobiotic flies (absent of competing flora) were fed as few as 22 CFU of Salmonella Typhimurium and 49% of flies became infected and excreted bacteria for up to 10 d. In some flies, S. Typhimurium proliferated up to 10 4 -fold. When the infective dose was increased to 13,000 CFU, all gnotobiotic flies became infected and excreted S. typhimurium in their feces. However, when Proteus spp. was also fed to flies as a competitor, only 27% of flies became infected with and excreted S. typhimurium. Further, these flies only excreted on day 1, and by day 2 no flies harbored S. typhimurium. The authors concluded that Proteus spp. out-competed S. typhimurium for resources and space in the house fly gut, as both are limiting factors to microflora establishment during this transient association. Interspecies antagonism in the gut also was demonstrated by introducing Proteus mirabilis strains to house flies and blow flies and tracking the composition of the gut bacterial community over time (Wei et al. 2014) . However, the introduction of P. mirabilis did not influence the changes in other species' abundance and diversity, as the abundance of other bacterial genera (e.g. Providencia, Morganella, Pseudomonas) changed both in flies that were fed P. mirabilis and controls. Interestingly, however, these other competing species sometimes displaced P. mirabilis, and/or each other, in flies over the course of 4 d, indicating that temporal microbe-microbe competition across all species did occur.
Fate of Bacteria, Excretion, and Vector Potential
As outlined in the previous studies above, some species of bacteria have the potential to survive and proliferate in house flies irrespective of exposure to hostile conditions in the alimentary canal. Transmission and dissemination of ingested bacteria can be via oral or fecal excretion, i.e., regurgitation or defecation. Apparent survival in the crop and/or rectum (as observed for several species of bacteria in Table 1 , for example) implies potential for excretion, but actual recovery and enumeration of viable bacteria in excreta confirms transmission success and strengthens vector potential. Excretion of viable bacteria has been demonstrated from house flies that were experimentally fed the following pathogens: Aeromonas hydrophila (McGaughey and Nayduch 2009), Campylobacter jejuni (Gill et al. 2016) , Corynebacterium pseudotuberculosis (Braverman et al 1999) , E. coli O157:H7 (Sasaki et al. 2000) , Pseudomonas aeruginosa , Salmonella typhimurium (Chifanzwa 2011) , Salmonella schottmulleri and Shigella dysenteriae (Hawley et al. 1951) , Staphylococcus aureus . Of note, in some of these studies, bacteria also proliferated and persisted in flies for several days, further enhancing and prolonging transmission rates and timelines. In addition, flies fed the following pathogens also were shown to subsequently contaminate the environment and/ or food, presumably via excretion: Aeromonas caviae (Nayduch et al. 2002) , Campylobacter jejuni (Shane et al. 1985) , E. coli O157:H7 (Wasala et al 2013) , Enterococcus faecalis (Doud and Zurek 2012) , Yersinia pseudotuberculosis (Zurek et al. 2001) . Incorporating analysis of excretion and transmission potential into future studies of fly-bacteria interactions should be paramount, as this information will allow for the full assessment of flies as vectors for pathogens they encounter and harbor.
House Flies Bridge the Gap Between Unsanitary and Sanitary Environments
The potential for house fly transmission of disease agents to humans is strengthened by their synanthropic nature. Indeed, house flies earned their name as "house flies" because they are typically found living in human environments (Howard 1900 , Howard 1910 , Hatch 1911 . House flies serve as bridges between clean and unclean environments, moving freely between contaminated materials such as waste to domestic and peridomestic environments, food and water sources. This is particularly evident in agricultural settings and livestock facilities (detailed below; Fig. 4) , as well as human environments such as markets (Akinboade et al. 1984 , Chaiwong et al. 2014 , hospitals (Fotedar et al. 1992 , Boulesteix et al. 2005 , and landfills (Lole, 2005, Dhillon and Challet 1985) . In addition to animal manure, livestock rearing materials such as soiled bedding, wet grains, and food/water troughs are ideal habitats for the growth, development, and retention of pathogenic bacteria (Hancock et al. 2001) . Since larvae can utilize these substrates for development, this creates an opportunity for house flies to reach enormous populations at large livestock facilities, and potentially disperse over large distances (Alam and Zurek 2004) . Together this underscores the potential for house flies to disseminate disease-causing organisms to domestic locations near farms.
Dissemination Potential Is Bolstered by Adult House Fly Dispersal
The transmission of pathogens by house flies is impacted by dispersal behavior. Flies are capable of movement over several kilometers in multiple directions radiating from any larval habitat (e.g., farms), which increases the potential for spread of zoonotic pathogens to humans in urban areas. Farms including dairies (Kaufman et al. 2005 , Ahmad et al. 2007 , Conn et al. 2007 ), beef cattle feedlots (Skoda et al. 1993 , Sanderson et al. 2006 , swine facilities (Halverson 2000) , and poultry facilities (Hald et al. 2004 , Watson et al. 2007 ) provide suitable breeding habitats and the potential for generating large numbers of house flies. In regions where livestock farms are within house fly flight-range of each other, the separate fly populations at each farm could actually comprise a larger community of flies that is capable of transferring pathogens from one location to another (Schoof and Siverly 1954a, b) . As a result, sanitation efforts at livestock facilities are compromised by the continual reintroduction of pathogens by flies, particularly as flies may be repopulating from a different facility as far as 21 km away (Alam and Zurek 2004) . Where farms and urban centers are in close proximity, house fly dispersal between them facilitates enteric bacteria transmission to humans (Fig. 4) . In urban areas, fly dispersal is typically within a 1.7-km radius, (West 1951) , and when residential areas are located near dairy farms, they can travel up to 3 km from dairy farms into town (Burrus 2010) . Further, house flies are capable of dispersing at a rate of 1 km/h for up to 4 h (Shura- Bura et al. 1962) , and they travel to multiple sites during their adult life span (Burrus 2010) .
The house fly's ability to disperse pathogens is further bolstered by the ability of some microorganisms to successfully survive within the mouthparts for 3 d (Sasaki et al. 2000) , in the feces for 3 d (Zurek et al. 2001) , in the crop for 4 d (Sasaki et al. 2000) , and in the alimentary tract for 5 d (Nayduch et al. 2005) . In addition to surviving for long periods of time within the house fly digestive system, some pathogenic bacteria successfully replicate within the house fly (Nayduch et al. 2002 , Petridis et al. 2006 ; Table 1 ). In addition to their role in disseminating pathogens, house flies play a role in the introduction and dispersal of bacterial virulence and antibiotic-resistance genes via lateral gene transfer between microbes in the gut; this phenomenon is well reviewed elsewhere (Zurek and Ghosh 2014) . The potential for genetic exchange between microbes along with the successful replication of bacteria Fig. 4 . House fly movement of bacteria between hosts and larval habitat in an agricultural setting. Livestock serve as a source of both nonpathogenic and pathogenic bacteria. Manure management, along with movement of adult house flies (blue arrow), transfer bacteria from animal bedding and waste, providing food for developing larvae in the larval habitat and enabling production of new flies, who may carry trans-stadial bacteria. Since adults are highly mobile, sometimes traveling great distances, they disseminate bacteria from these environments to naïve hosts (humans, other animals; red arrows) and locally contaminate the environment and food of resident livestock (green arrows). The persistence of bacteria within the house fly alimentary canal bolsters dissemination potential, especially if viable bacteria proliferate and are shed in fly excreta. Image credit: D. Nayduch.
within the house fly gut signifies the potential for the development and transmission of new pathogenic microbial strains (Petridis et al. 2006) . The potential for house fly transmission of antibioticresistant bacteria has been implicated by the detection of such organisms at organic pig farms where antibiotics were not used, but fly populations were high (Meerburg et al. 2007) . Similarly, the presence of house flies in or near a hospital environment could contribute to the rise of nosocomial infections (Boulesteix et al. 2005) , especially in developing parts of the world and in locations where livestock facilities and hospitals lie within the house fly's flight range.
Perspectives and Future Directions
House flies have the unique ability to exploit a niche teeming with microbes, many of which are pathogens. All stages associate with bacteria, with larvae being dependent on microbes as food, and adults encountering them incidentally or opportunistically. While larvae remain near their developmental site, adult house flies are cosmopolitan, gregarious, and synanthropic, present in the homes and landing on the food of humans and domesticated animals. Adult flies serve as a bridge between unsanitary and sanitary habitats, making them a primary reservoir and vector (whether mechanical or biological) of pathogens where access to both environments exists.
We have summarized factors impacting bacteria fate within house flies includes those attributed to the bacteria (taxa, ingested dose/abundance, microbial competition) and those attributed to the fly (modes of purging bacteria, structural and physiological defenses in the gut, etc.); both impact carriage and subsequent dissemination and transmission/vector potential. While several studies investigating fly-bacteria interactions are discussed in this review, much more work remains to be done especially considering the abundance of pathogens listed in Supp. Table 1 (online only) .
Studying the biology of flies has fortuitously revealed some interesting adaptations to their septic lifestyle that can be used in future approaches to fly control and human health. Flies have evolved unique defenses including physical protection from bacterial access (cuticular lining of fore-and hindgut, peritrophic matrix) and physiological modes of bacterial destruction (strong digestive enzymes, antimicrobial effectors like lysozyme and AMPs). These defensesveritable "Achilles heels"-can serve as targets for novel larvicides or adulticides to make flies vulnerable to the bacteria they currently depend on (larvae) or passively disseminate (adults). On the other hand, effectors like antimicrobial peptides can be exploited to generate novel classes of antimicrobial therapeutics, whose facility is already evident in the widespread use of maggot therapy, which utilizes blow flies that produce similar AMPs to help sanitize infected wounds in vivo.
By digesting bacteria in the substrate, larval house flies play a role in decomposition and are critical players in the recycling of nutrients in the food chain. This aspect of larval house fly biology can be implemented in better management of waste, especially on farms, including destruction of pathogens present in manure that is later used as fertilizer for food crops. As such, Zhu et al. (2015) report a win-win situation that not only breaks the disease vector cycle, but also provides additional economic benefits to society. House fly maggots were inoculated into swine manure to aid in composting, resulting in the production of a nutritionally equivalent organic fertilizer that was similar to commercially developed fertilizers but did not require addition of bulking agents such as sawdust that increase cost and decrease nutritional composition. This provides a cost-savings for the farm, and enables the N, P, and K nutrients to remain undiluted, keeping the nutrients at optimal levels. In addition, house fly larvae and pupae can be harvested from the composted manure and used as food for the aquaculture industry, entering the food chain that ultimately generates sustenance (e.g., farmed fish) for humans.
In conclusion, due to their synanthropic behavior, life-long association with microbe-rich environments that potentially harbor pathogens, and cosmopolitan distribution, house flies present a ubiquitous threat to public and animal health worldwide. At minimum, house flies serve as a reservoir for pathogens and possibly antibiotic-resistance and virulence genes in the environment, and should be considered in disease ecology and epidemiological studies. The potential for pathogens to survive and proliferate within house flies, coupled with their dispersal capabilities, demonstrates the risk of disease transmission from flies. Despite technological improvements and sanitation implementations, house fly populations continue to thrive and disperse between farms (Lysyk and Axtell 1986) , large livestock operations, residential neighborhoods, hospitals (Hemmatinezhad et al. 2015) , restaurants (Nayduch et al. 2001 , Macovei and Zurek 2006 , Burrus 2010 , Butler et al 2010 , and landfills (Lole 2005) , even in developed countries.
Because there are multiple modes by which flies acquire and transmit pathogens (e.g., trans-stadial, incidentally on surface, directly via ingestion and excretion), there accordingly are multiple opportunities to interrupt the transmission cycle. The dependence of house flies on these microbe-rich habitats itself is an additional target, and proper sanitation such as effective manure management on farms, are current avenues of control that also could benefit from improvement or modification. It is important to continue researching every aspect of house fly life history, behavior, genetics, and antibacterial defenses in order to generate tools and strategies that will effectively reduce the threat that house flies pose, either by direct reduction of fly populations or by indirect methods that exploit the house fly biology.
